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Abstract
Millimeter wave (mm-wave) and massive MIMO have been proposed for next generation wireless
systems. However, there are many open problems for the implementation of those technologies. In
particular, beamforming is necessary in mm-wave systems in order to counter high propagation losses.
However, conventional beamsteering is not always appropriate in rich scattering multipath channels with
frequency selective fading, such as those found in indoor environments. In this context, time-reversal
(TR) is considered a promising beamforming technique for such mm-wave massive MIMO systems. In
this paper, we analyze a baseband TR beamforming system for mm-wave multi-user massive MIMO.
We verify that, as the number of antennas increases, TR yields good equalization and interference
mitigation properties, but inter-user interference (IUI) remains a main impairment. Thus, we propose a
novel technique called interference-nulling TR (INTR) to minimize IUI. We evaluate numerically the
performance of INTR and compare it with conventional TR and equalized TR beamforming. We use
a 60 GHz MIMO channel model with spatial correlation based on the IEEE 802.11ad SISO NLoS
model. We demonstrate that INTR outperforms conventional TR with respect to average BER per
user and achievable sum rate under diverse conditions, providing both diversity and multiplexing gains
simultaneously.
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I. INTRODUCTION
Massive MIMO systems have been recently recognized as one of the technologies that can
bring unprecedented performance gains for next generation wireless communications [1]. Among
its potential benefits, noise, fading and inter-user interference (IUI) effects have been shown
to progressively reduce as the number of antennas in the system increases [2]. Thus, a large
number of antennas simplifies the multiple access layer and increases the system’s capacity [3].
However, many challenges remain for the implementation of massive MIMO systems such as:
channel estimation and reciprocity issues, large pilot overheads, hardware cost, size and power
limitations, network architecture adaptations, antennas and propagation aspects [4].
Recently, millimeter wave (mm-wave) and massive MIMO have been proposed in tandem for
next generation systems [5], [6]. This can be easily justified because a large number of antennas
operating at mm-wave frequencies (e.g. 28, 38, 60 and 73 GHz) can be used in compact devices
due to the small wavelength (4 to 10 mm approx.) and (hence) small antenna sizes. In addition,
it has been shown that mm-wave networks are suitable for dense small cells (especially in indoor
environments), as inter-cell interference is naturally mitigated due to high propagation losses at
those frequencies [7], [8]. Another benefit of using mm-wave is the huge bandwidth availability,
with some standards planning to operate with more than 2 GHz bandwidth, e.g. [9].
Nevertheless, a number of problems arise for mm-wave massive MIMO systems. In particular,
their performance is highly dependent on the antenna array configuration and the propagation
environment. Hence, factors such as the coupling between antennas and channel spatial corre-
lation play a significant role on the actual capacity and diversity gain that this kind of systems
can achieve [4].
Beamforming is needed in mm-wave systems because of large propagation losses. Tradi-
tionally, antenna arrays use beamsteering techniques in order to increase the received power
in specific directions [10] and, consequently, achieve diversity gain. This is usually performed
with either analog (RF) or digital (baseband) phase shifters in each antenna. Recent approaches
3to beamforming1 in mm-wave massive MIMO use hybrid analog beamsteering combined with
digital precoding techniques assuming narrowband fading channels [5], [14]–[17]. This hybrid
analog/digital solutions are necessary given that fully digital solutions requires one digital to
analog converter per antenna, which is extremely constly in terms of power. However, con-
ventional beamsteering is not always appropriate in multipath channels with frequency selective
fading, such as those found in indoor environments. In those cases, more sophisticated techniques
are required to take full advantage of the number of elements in the array and also multipath
propagation.
The specific propagation aspects of mm-wave systems have been recently studied. Statistical
models for mm-wave channels have been developed in [18], [19], where extremely narrow
antenna radiation patterns are considered using massive MIMO. These models provide charac-
terization of scattering clusters in the angular and delay domains, power-delay profiles (PDPs),
and propagation losses in outdoor scenarios. Similar models can be found for indoor scenarios
[20]. Another popular SISO channel model for indoor mm-wave systems is the IEEE 802.11ad
[21], which considers extremely narrow radiation patterns and analog beamsteering. However,
there are only few studies on the spatial correlation in mm-wave MIMO channels. An interesting
work is [22], where it is demonstrated that correlation at 60 GHz can be very high due to the
small number of multipath components (MPCs). It has also been recognized that the specific
structure of spatial correlation is highly dependent on the scattering environment. Given this
conclusions, it is not clear yet whether diversity and/or multiplexing schemes should be used in
order to maximize the system’s gain [23].
In this paper we propose a novel time-reversal (TR) based [24] solution to the multi-user
beamforming problem for indoor scenarios in mm-wave massive MIMO, which provides both
diversity and multiplexing gains. TR is a transmission technique that enables spatial focusing of
the signal at the receiver by using the time-reversed channel impulse response (CIR) as a linear
filter applied to the transmitted signal [12], [13]. TR is considered a promising technique for
future massive MIMO systems [4]. By using TR, all multipath components are added in phase at
1The term beamforming is traditionally used to denote phased array techniques for beam steering, i.e. operating in the 2D
manifold spanned by the azimuth and elevation angles. In this paper, we shall use the term beamforming in a broader sense
to denote signal processing techniques that allow spatial focusing of RF power in co-range as well (3D) or even in time (4D
space-time beamforming) [11]–[13].
4the receiver at a specific instant providing i) an increase in the signal power in the surroundings
of the receiver (commonly referred to as spatial focusing), and ii) a partial equalization effect
(commonly known as time focusing) that reduces inter-symbol interference (ISI) caused by the
channel’s frequency selectivity [25], [26]. This features enable low computational complexity
receivers, which is a key advantage of TR with respect to multicarrier (OFDM-like) systems [27].
Moreover, multipath components add incoherently at regions in space away from the receiver,
mitigating interference to other users [28], [29].
A number of works have addressed different aspects of TR beamforming, with particular focus
on single user systems [12], [26], [28]–[30]. In these references, the spatial and temporal focusing
properties of TR have been considered, and both theoretical and empirical characterizations of
bit error rate (BER) have been made under specific scenarios and channel models. A common
finding in the literature is that ISI is the main limiting factor of TR. This is because ISI imposes
a lower bound in the achievable BER at high signal to noise ratios (SNR) in single user systems
[29].
The challenge of mitigating ISI in TR has also received increasing attention. Different equaliz-
ing solutions have been proposed in [29], [31], [32] for single-user systems. An important result
of [29] is that the ratio between the desired signal power and the ISI power in TR increases
linearly with the number of antennas. Thus, BER performance can potentially have a significant
improvement when TR is applied in massive MIMO, without additional equalization.
For multiuser systems, TR for multiple access in the downlink was proposed in [33] and [34],
where IUI is recognized as the main limiting factor of BER performance. Also, [24] proposes
several multi-user TR techniques. A multiple access TR technique that uses rate-backoff is
proposed in [35], where an approximation for the signal-to-interference-plus-noise-ratio (SINR)
is given, showing that it increases with the number of antennas.
However, previous works have not addressed the following aspects:
‚ Proposed beamsteering techniques in mm-wave massive MIMO are narrowband (for flat
fading channels), and do not take take full advantage of multipath propagation to increase
diversity gain. Thus, these techniques may not be appropriate for frequency selective chan-
nels found in indoor scenarios.
‚ TR beamforming techniques, which have been thoughtfully analyzed in other scenarios
and take advantage of rich scattering, have not been studied int he context of mm-wave
5massive MIMO. More specifically, [35] and [29] suggest that SINR in conventional TR
grows linearly with the number of antennas, enabling low complexity receivers.
In this context, the contributions of this paper are the following:
‚ We introduce a simple channel model for 60 GHz massive-MIMO, which is based on the
IEEE 802.11ad model [21]. We define the probability distribution of the channel taps, their
PDP, and spatial correlation.
‚ We study the performance of conventional TR in multi-user systems when the number of
antennas at the transmitter is very large. Moreover, we generalize the ETR [29] to multi-user
systems, and compare its performance with conventional TR. We demonstrate that, provided
a sufficiently large number of transmit antennas, TR does not need further equalization,
becoming an attractive beamforming alternative.
‚ Using the previous analysis, where we find that conventional TR performance is IUI-limited,
we propose a novel TR multi-user beamforming technique that minimizes IUI and exploits
rich multipath commonly found in indoor environments. We call this technique interference-
nulling time-reversal (INTR).
‚ We analyze and compare numerically the performance of these TR techniques using the
proposed statistical MIMO channel model for 60 GHz.
Commonly Used Acronyms in this Paper
AP - Access Point; CB - cubicle scenario; CIR - channel impulse response; CR - conference
room scenario; ETR equalized timer-reversal; INTR - interference-nulling time-reversal; ISI -
inter-symbol interference; IUI - inter-user interference; LR - living room scenario; MPC - mul-
tipath component; PDP - power-delay profile; TR - time-reversal; US - uncorrelated scattering.
Notation
Lower and upper case symbols represent signals in the time and frequency domains, re-
spectively. Boldface symbols represent vectors or matrices, whose dimensions are specified
explicitly. b is the convolution operator between two signals. Er¨s represents expectation over a
random variable. The operators p¨qT , p¨q˚, p¨qH and p¨q´1 represent transpose, complex conjugate,
Hermitian transpose, and matrix inverse, respectively. The norm of the vector a is denoted as
}a} “ axa, ay, where xa,by “ bHa represents the complex inner product of vectors a and b.
6The superscripts p¨qtr, p¨qeq, and p¨qin denote variables calculated using time-reversal, equalized
time-reversal, and interference-nulling time-reversal pre-filters, respectively.
II. TIME-REVERSAL BEAMFORMING SYSTEM MODEL
In this section, we present the general discrete signal model for TR beamforming. We first gen-
eralize to the multi-user case two TR techniques for single-user scenarios [29]. These techniques
serve as a baseline comparison for the novel INTR introduced in Section III.
A. General TR Signal Model
Consider a digital baseband downlink wireless communication system, consisting of one
Access Point (AP) with M transmit antennas and N single-antenna user terminals as depicted
in Fig. 1. The transmitter has a very large number of antennas, so M " N . We denote the
transmit antenna set as M “ t1, 2, . . . ,Mu and the user set as N “ t1, 2, . . . , Nu. Also, let
m,m1 P M and n, n1 P N be arbitrary elements in those sets. The AP transmits simultaneously
an independent data stream to each user. Let snptq be the complex random signal transmitted to
the n-th user, where t P Z` is the discrete time index. These transmitted signals are assumed
to have unit average power, i.e. E
“|snptq|2‰ “ 1, @n, t, regardless of the modulation. In a TR
multi-user system, the transmitter sends independent signals simultaneously to the users using
different pre-filters for each one of them. Thus, the baseband transmitted signal from the m-th
antenna is
xmptq “ ?ρ
Nÿ
n“1
snptq b p˚m,np´tq, (1)
where ρ is the total average transmitted power in the AP, pm,nptq is the power-normalized
pre-filter from the m-th transmit antenna to the n-th user (with a duration of Lp samples, i.e.
t “ 0, . . . , Lp ´ 1), and hm,nptq is the random channel impulse response (CIR) from the m-th
transmit antenna to the n-th user (with a length of L samples). The random CIR vector to the
n-th user is defined as
hnptq “ rh1,nptq, . . . , hM,nptqsT P CM . (2)
In Section IV, we introduce the statistical characterization of hm,nptq for mm-wave channels.
Let Hm,npfq be the discrete Fourier transform (DFT) of hm,nptq. In an analogous way to the
7Fig. 1. System model. An AP with M transmit antennas sends simultaneously an independent data stream to N single antenna
users using time-reversed pre-filters p˚m,np´tq.
time domain representation, the steering vector to the n-th user is
Hnpfq “ rH1,npfq, . . . , HM,npfqsT P CM . (3)
The selection of pm,nptq depends on the particular TR technique, as discussed later in this
section. We define the pre-filter vector to the n-th user as
pnptq “ rp1,nptq, . . . , pM,nptqsT P CM . (4)
Let Pm,npfq be the DFT of pm,nptq. Then, we define the frequency domain pre-filter vector to
the n-th user as
Pnpfq “ rP1,npfq, . . . , PM,npfqsT P CM . (5)
8The received baseband signal at user n is
ynptq “ ?ρ snptq b
Mÿ
m“1
p˚m,np´tq b hm,nptqlooooooooooooooooooooomooooooooooooooooooooon
signal directed to the n-th user
`?ρ
Nÿ
n1“1
n1‰n
Mÿ
m“1
sn1ptq b p˚m,n1p´tq b hm,nptq
looooooooooooooooooooooooomooooooooooooooooooooooooon
IUI
` znptqlomon
noise
, (6)
where znptq represents additive white Gaussian noise (AWGN) with variance σ2z . Next, we extend
the conventional TR and equalized TR single-user formulation in [29] to multi-user scenarios
by explicitly defining the pre-filter pm,nptq in terms of the CIR. Note that pm,nptq is properly
normalized so the transmitted power ρ regardless of the number of antennas or users.
B. Multiuser Conventional TR Beamforming
The general idea behind TR is to use the time-reversed CIR from every antenna to the receiver
as a pre-filter for the transmitted signal. Such pre-filter acts as a beamformer in the spatial domain,
focusing the RF signal around the receiver. In conventional TR, assuming perfect channel state
information (CSI) at the transmitter, the pre-filter vector is
ptrn ptq “
hnpL´ 1` tqa
P trh
, (7)
where P trh is a normalization factor introduced to ensure that the total transmitted power remains
constant in every realization, this is
P trh “
Nÿ
n“1
L´1ÿ
l“0
}hnplq}2 . (8)
Note that, in this case, the pre-filter’s length is equal to the CIR length, i.e. Ltrp “ L. Replacing
the conventional TR pre-filter into (6) and using the definitions in Section II-A, the time domain
9received signal in conventional TR is
ytrn ptq “
c
ρ
Ph
L´1ÿ
l“0
}hnplq}2 snpt´ L` 1qlooooooooooooooooooomooooooooooooooooooon
desired symbol directed to the n-th user
`
c
ρ
Ph
2L´2ÿ
l“0
l‰L´1
Mÿ
m“1
L´1ÿ
l1“0
hm,npl1qh˚m,npL´ 1´ l ` l1qsnpt´ lq
looooooooooooooooooooooooooooooooooomooooooooooooooooooooooooooooooooooon
ISI directed to the n-th user
`
c
ρ
Ph
Nÿ
n1“1
n1‰n
Mÿ
m“1
h˚m,n1pL´ 1´ tq b hm,nptq b s1nptq
looooooooooooooooooooooooooooooomooooooooooooooooooooooooooooooon
IUI
` znptqlomon
noise
. (9)
This received signal is composed of four terms: i) the desired symbol multiplied by a real
factor resulting from coherent combination of multipath components in the CIR, ii) ISI caused
by incoherent addition of CIR components, iii) IUI caused by the signals directed to other
users (whose TR pre-filters do not match the CIR to the n-th user), and iv) AWGN. Thus, in a
conventional multiuser TR beamforming system, ISI and IUI are important problems that hamper
detection. In the single-user scenario, ETR was proposed before as a solution to mitigate the ISI
component in the received signal [29]. We extend ETR to the multiuser case next.
C. Multi-user Equalized TR Beamforming
ETR uses the TR pre-filter in cascade with a ZF pre-equalizer in order to mitigate the ISI of
conventional TR. In [29], it is demonstrated that ETR outperforms conventional TR with respect
to BER in a single-user scenario, with a marginal loss in the spatial focusing capability. We now
extend this technique to the multi-user scenario by defining the pre-filter vector components for
the n-th user as
peqm,nptq “
hm,npL´ 1` tq b g˚np´tqa
P
eq
h
, (10)
where gnptq represents a ZF linear equalizer with length LE . Thus, we have Leqp “ L`LE ´ 1.
The normalization factor is
P
eq
h “
Mÿ
m“1
Nÿ
n“1
L`LE´2ÿ
l“0
ˇˇ
h˚m,npL´ 1´ lq b gnplq
ˇˇ
2
. (11)
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One equalizer is required for each user, with the n-th equalizer designed to satisfy
gnptq b
Mÿ
m“1
h˚m,npL´ 1´ tq b hm,nptq “ δpt´ t0q, (12)
where t0 is an arbitrary delay. Equation (12) can be written as an over-determined system of
linear equations on gnptq, t “ 0, . . . , LE ´ 1. Thus, perfect ZF equalization is not possible with
a finite equalizer’s length [36], but a good approximation can be achieved with a sufficiently
large LE , eliminating the second term in (9). A detailed discussion on this subject is provided in
[29]. Using the ETR pilot, and assuming perfect equalization, the time domain received signal
at user n is
yeqn ptq “
c
ρ
P
eq
h
snpt´ t0qlooooooooomooooooooon
signal directed to the n-th user
`
c
ρ
P
eq
h
Nÿ
n1“1
n1‰n
Mÿ
m“1
sn1ptq b gn1ptq b h˚m,n1pL´ 1´ tq b hm,nptq
looooooooooooooooooooooooooooooooooooomooooooooooooooooooooooooooooooooooooon
IUI
` znptqlomon
noise
, (13)
which has no ISI term, but still contains IUI. Thus, both conventional TR and ETR performance
is limited by ISI and/or IUI, as detailed next.
D. Performance Analysis of TR and ETR
We now turn our attention to the power components in (9) and (13), following the same pro-
cedure as in [29]. The fundamental assumptions are that the system operates under uncorrelated
scattering with uncorrelated channels between users, and normalized channel power, as stated in
Section IV. In the derivations below, we also employ the approximation Era{bs « Eras{Erbs for
two random variables a and b, as analyzed in [29], [35] for TR systems. Complete derivations are
not shown due to space constraints. Here, we verify that TR is a suitable technique for massive
MIMO systems, where M " 1. Let P trs , P trisi, and P triui represent the power in the first, second,
and third terms in (9), respectively. Then, the average desired signal power is
E
“
P trs
‰ “ E
»
– ρ
P trh
ˇˇˇ
ˇˇL´1ÿ
l“0
}hnplq}2 snpt ´ L` 1q
ˇˇˇ
ˇˇ
2
fi
fl « MρΓ
N
.
(14)
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The average ISI power in (9) can be approximated as
E
“
P trisi
‰ “ E
»
—– ρ
P trh
ˇˇˇ
ˇˇˇ
ˇ
2L´2ÿ
l“0
l‰L´1
Mÿ
m“1
L´1ÿ
l1“0
hm,npl1qh˚m,npL´ 1´ l ` l1qsnpt´ lq
ˇˇˇ
ˇˇˇ
ˇ
2
fi
ffifl
« ρ
MNΓ
2L´2ÿ
l“0
l‰L´1
Mÿ
m“1
Mÿ
m1“1
L´1ÿ
l1“0
E
“
hm,npl1qh˚m1,npl1q|
‰ˆ
E
“
h˚m,npL´ 1´ l ` l1qhm1,npL´ 1´ l ` l1q
‰
. (15)
An approximation to the average IUI power is
E
“
P triui
‰ “ E
»
—– ρ
P trh
ˇˇˇ
ˇˇˇ
ˇ
Nÿ
n1“1
n1‰n
Mÿ
m“1
h˚m,n1pL´ 1´ tq b hm,nptq b s1nptq
ˇˇˇ
ˇˇˇ
ˇ
2
fi
ffifl
« ρ
MNΓ
Nÿ
n1“1
n1‰n
2L´2ÿ
l“0
Mÿ
m“1
Mÿ
m1“1
L´1ÿ
l1“0
E
“
hm,npl1qh˚m1,npl1q
‰
ˆE “h˚m,n1pL´ 1´ l ` l1qhm1,n1pL´ 1´ l ` l1q‰ . (16)
For ETR, the average desired signal power is bounded by
E rP eqs s “ E
„
ρ
P
eq
h

ď MρΓ
N
. (17)
The average IUI power in ETR has a similar form to (16), but it is not shown here since it is not
the focus of this work. However, we analyze it numerically in Section V. From (14)-(16), we
can make the following remarks with respect to TR beamforming in massive MIMO systems:
‚ Both ISI and IUI powers are highly dependent on the propagation conditions. More specifi-
cally, power delay profiles and correlation between antennas are present in the terms of the
form Erhm,nplqh˚m1,nplqs. Thus, increasing spatial correlation would increase both ISI and
IUI, degrading performance.
‚ In the case of uncorrelated antennas, Erhm,nplqh˚m1,nplqs “ 0 if m ‰ m1. Hence, the sums
would only depend on the power delay profile (which is the same for all antennas), and
both ISI and IUI powers would be independent of M .
‚ Desired signal power increases linearly with M . Thus, in uncorrelated channels ErP trs {P trisis Ñ
8 and ErP trs {P triuis Ñ 8 as M Ñ 8. This implies that, with a sufficiently large number of
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antennas, a conventional TR beamforming system is noise limited instead of interference
limited.
‚ However, if channels are spatially correlated (as in realistic scenarios), equalization and
interference mitigation provided by TR reduce.
‚ Note that, given that CIR statistics for users n and n1 are the same, i.e. E
“
h˚m,nplqhm1,nplq
‰ “
E
“
h˚m,n1plqhm1,n1plq
‰ @l, then P triui is larger than P trisi by a factor on the order of the number
of users. Thus, IUI mitigation should be given priority over equalization when proposing
improvements over conventional TR.
Given this characteristics of TR beamforming in massive MIMO, we now propose a novel
TR extension to overcome the problems of IUI, even under highly correlated channels.
III. INTERFERENCE-NULLING TIME-REVERSAL BEAMFORMING
We are now concerned with the design of pre-filter vectors that combine the spatial focusing
properties of conventional TR, while also providing additional IUI mitigation. We start from the
frequency representation of the received signal, and formulate an optimization problem for the
design of the pre-filters. The frequency domain equivalent of (6) is
Ynpfq “ ?ρ xHnpfq,PnpfqySnpfqlooooooooooooooomooooooooooooooon
signal directed to the n-th user
`?ρ
Nÿ
n1“1
n1‰n
xHnpfq,Pn1pfqySn1pfq
loooooooooooooooooomoooooooooooooooooon
IUI
` Znpfqlomon
noise
, (18)
where Snpfq is the DFT of snptq, and Znpfq is the DFT of znptq. Appropriate zero padding is used
in the time domain in order to represent linear convolution as a product in the frequency domain.
The complex inner product defined above allows a convenient simplification in (18) with respect
to (6), which is useful for the problem formulation. Let Hpfq “ rH1pfq . . .HNpfqs P CMˆN be
the matrix with columns given by the steering vectors to all users. Also, let H´npfq P CMˆN´1
be the matrix formed by removing the n-th column from Hpfq, i.e. removing the steering vector
to user n. For notational simplicity, we drop the frequency dependence in the remainder of
this section. Note that the IUI power in (18) is proportional to řn1‰n | xHn,Pn1y |2. Thus, our
13
Fig. 2. Geometrical interpretation of the optimization procedure. The optimum pilot in the frequency domain is the conventional
TR prefilter projection onto the nullspace of HH´n. This ensures that IUI is set to zero for every user and every frequency.
objective is to find the pre-filter P‹,n which is closest to the conventional TR solution in the
frequency domain (providing partial equalization of the received signal), and such that the IUI
is set to zero. Formally, this optimization problem can be formulated as
P‹,n “ argmin
Pn
››Ptrn ´Pn››2
subject to HH
´nPn “ 0,
@n P N , @f P r0, . . . , L` Lp ´ 1s, (19)
whose solution is
P‹,n “
´
IM ´H´n
`
H
H
´nH´n
˘´1
H
H
´n
¯
Ptrn ,
@n, f. (20)
where IM is the MˆM identity matrix. Thus, we call P‹,n the interference-nulling time-reversal
(INTR) pre-filter in the frequency domain. Geometrically, the constraint in the problem ensures
that the vector P‹,n P null
 
H
H
´n
(
, and the solution is the projection of Ptrn into that null space.
This is illustrated in Fig. 2.
IV. CHANNEL MODEL FOR 60 GHZ MASSIVE MIMO
As mentioned above, TR actually benefits from rich scattering, so it can be conveniently
applied for indoor wireless communications. In this section, we briefly describe the IEEE
802.11ad model for 60 GHz SISO systems in such scenarios [21], and extend it to the correlated
14
multi-user massive MIMO case. In the following, we use a statistical description of hm,nptq,
given by its probability distribution, power delay profile (PDP), and spatial correlation in the
context of massive MIMO systems.
A. Channel Tap Distribution
The most popular channel model for mm-wave propagation is the IEEE 802.11ad. This is
a SISO double directional statistical channel model based on a limited set of measurements,
complemented with ray-tracing simulations. This model is defined for three indoor scenarios:
conference room (CR), living room (LR), and cubicle environment (CB). Some important model
features include: support of two types of antennas (isotropic and basic steerable antenna array),
support of polarization, wideband and pathloss modeling under LoS and NLoS situations.
The IEEE 802.11ad channel model follows a scattering cluster structure, both in time and
angular domains. Thus, several multipath components (MPCs) observed in the CIR have similar
propagation delays and angles of departure/arrival. More specifically, each central ray arriving at
the receiver has pre-cursor rays (which arrive earlier) and post-cursor rays (which arrive later).
This is due to irregular scattering objects and geometrical features which are large compared to
the wavelength. Both pre-cursor and post-cursor rays have less amplitude than the central ray.
The resolvability of those MPCs depend exclusively on the system’s sampling time (bandwidth).
When those MPCs are not resolvable, they contribute to the same tap in the CIR. Given this
propagation characteristics, we assume that hm,nptq has zero mean and that |hm,nptq| is Nakagami
distributed, with parameters m and Ω, for all m, n and t [37]. Recall that the m parameter in
the Nakagami distribution is analogous to the K factor in the Rician distribution, and that a
larger m implies a large power ratio between the central ray (specular component) and the other
rays (diffuse components). The parameter Ω depends also on the amplitudes of the specular and
diffuse components, and on the channel PDP (tap average power) [37]. Table I shows the values
of m and RMS delay spread in the IEEE 802.11ad scenarios. The larger value of m in the CB
scenario is due to the reduced scattering within the cubicles, which reduces the number and
power of diffuse components contributing to each channel tap.
15
TABLE I
NAKAGAMI m PARAMETER AND RMS DELAY SPREAD OF IEEE 802.11AD SCENARIOS
Scenario Nakagami m parameter RMS delay spread [ns]
CB 4.34 3.47
CR 2.56 4.82
LR 1.74 7.81
B. Power Delay Profile
We are particularly interested in the PDP, a second order statistic defined as
Ahptq “ E
“|hm,nptq|2‰ , @m,n, (21)
where the expectation is calculated over CIRs that are subject to the same large-scale fading
[38]. Signal power components depend on the PDP and spatial correlation, as seen in Section
II-D. We assume that all CIR in the system have the same PDP. This is valid for mm-wave
indoor environments, where APs are usually positioned on or close to the ceiling and similar
shadowing affects all elements in the transmit array. We also define the following constraint on
the CIR total power:
L´1ÿ
t“0
E
“|hm,nptq|2‰ “ L´1ÿ
t“0
Ahptq “ Γ, (22)
where Γ ! 1 is a constant accounting for channel induced propagation losses. This constraint
implies that all channels between the transmit antennas and each receiver have same average
power. Fig. 3 shows PDPs obtained over 106 realizations of the IEEE 802.11ad model for the
three scenarios simulated under NLoS and isotropic antennas. We do not consider LoS situations
since they correspond to flat-fading channels, which are of no interest here. Isotropic antennas are
assumed so the system can take advantage of all MPCs in the channel. In practice, planar omni-
directional antennas (e.g. [39]) would be a good alternative for implementation. We observe that
RMS delay spread is minimum for the CB scenario, where an AP is located in the ceiling of an
office populated with cubicles. In that case, scattering is confined within the cubicle’s structure
and other delayed paths (e.g. reflections from outer walls) are obstructed. On the other hand,
CR and LR scenarios correspond to more open spaces, where first and second order reflections
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from walls are considered. Those reflections cause long tails in their PDPs, increasing their delay
spread.
C. Spatial Correlation Model
Consider m,m1 P M, n, n1 P N , and t, t1 P t0, . . . , L´1u. We make the following assumptions
with respect to CIRs in the systems:
‚ CIR are correlated across transmit antennas, i.e. the spatial channel autocorrelation function
is Rhp∆dq ‰ 0, where ∆d is the distance between two measured CIRs. The specific
correlation structure depends on the array configuration, but it is assumed that the process
in wide sense stationary with respect to the space. This implies that Erhm,nptqh˚m1,nptqs ‰ 0.
‚ Different users have uncorrelated CIRs to the AP, i.e. hm,nptq and hm,n1ptq are uncorrelated
if n ‰ n1, @m, t. This is due to the fact that MPCs are independent for different users. This
can be clearly seen in the CB environment, where each user is assumed to be in its own
cubicle.
‚ CIR taps are uncorrelated, i.e. hm,nptq and hm,npt1q are uncorrelated if t ‰ t1, @m,n. This
is the conventional uncorrelated scattering (US) assumption widely used in the literature
[40], and implies that contributions to different taps come from different scatterers.
Nakagami correlated variables (across antennas) are generated according to the method de-
scribed in [37], as follows. Consider the setting in Fig. 4. A planar randomly-oriented array
with M isotropic elements is located in the environment according to the standard [21]. An
isotropic receiving antenna is randomly located in the environment as well. Each tap is assumed
to have specular and diffuse contributions from an irregular scatterer (located according to
the corresponding delay), whose amplitudes depend on the PDP and the desired m parameter.
All contributions to a fixed tap in a given CIR come from the same scatterer, with different
taps corresponding to different scatterers. Using this procedure, the resulting normalized spatial
correlation function Rhp∆dq is shown in Fig. 5. These results are consistent with measured and
simulated spatial correlations in 60 GHz channels, e.g. [22]. High correlation values are caused
by the reduced number of dominant MPC contributing to each tap. The specific correlation
between transmit antenna elements depends only on the geometry of the array. For the numerical
validation shown in Section V, we use rectangular arrays with 32 (8 ˆ 4), 64 (8 ˆ 8), or 128
(16ˆ 8) elements with a uniform separation of 20 mm.
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Fig. 3. Power delay profile of IEEE 802.11ad channel model scenarios with isotropic antennas. RMS delay spreads are 3.47
ns for the CB scenario, 4.82 ns for CR and 7.81 ns for LR.
Fig. 4. Method to generate correlated Nakagami CIR. Different taps are assumed to have contributions from specular and
diffuse reflections from different objects. The transmit array is planar (rectangular) with uniformly distributed elements.
V. NUMERICAL RESULTS AND DISCUSSION
In this section, we present numerical results for the performance analysis of the multiuser TR,
ETR and INTR techniques, as described in Sections II and III.
A. Pilot Length and Channel Correlation
First, we analyze the impact of pre-filter’s length Lp and spatial correlation on the signal
power components. We calculate the values of Ps, Pisi, and Piui for the three techniques over
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Fig. 5. CIR spatial correlation as a function of distance ∆d, calculated over 1000 CIR realizations.
1000 channel realizations with and without spatial correlation. Results are shown in Table II for
2 and 10 users in the CB scenario with 64 antennas. For conventional TR beamforming, it is
clear that IUI power is the main problem for multi-user communications, as it can be up to an
order of magnitude greater than ISI power. It is also observed that channel correlation decreases
desired signal power and increases interference, affecting the overall system performance. Also,
note that when using spatially uncorrelated channels, both ISI and IUI suffer small or no change
when increasing the number of antennas. However, when the CIRs are correlated both types
of interference suffer a small increase. For ETR, increasing pre-filter’s length improves ISI
suppression, but IUI remains the same as in conventional TR. ISI reduction in ETR by increasing
Lp is a typical consequence of zero-forcing equalization [29]. However, ETR is not designed to
mitigate IUI. Thus, BER performance of TR and ETR are expected to be very similar since the
scenarios we consider are clearly IUI limited.
For INTR, IUI mitigation improves by increasing Lp. This is due to the discarding of L´ 1
time samples when performing the transformation between the frequency domain prefilter (of
length L`Lp´1) and the time domain prefilter (of length Lp). Such discarding is necessary due
to the circular convolution theorem. Thus, the time domain prefilter is a least squares projection
of the optimum frequency domain solution. The error in the projection reduces as Lp increases.
We observe the impact of signal power components over the BER performance in Fig. 6,
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Fig. 6. Prefilter length (Lp) vs (a) ISI power in ETR, and (b) IUI power in INTR. These results were obtained with L “ 60
and N “ 10 in the CB scenario. Other signal components in each technique remained approximately constant vs. Lp. It is
noted that increasing Lp reduces ISI power in ETR and IUI in INTR. This is due to the discarding of L´ 1 time samples when
performing the transformation between the frequency domain prefilter (of length L ` Lp ´ 1) and the time domain prefilter
(of length Lp). Such discarding is necessary due to the circular convolution theorem. Thus, the time domain prefilter is a least
squares projection of the optimum frequency domain solution. The error in the projection reduces as Lp increases.
where the influence of channel spatial correlation is also shown. Signal to noise ratio is defined
as SNR “ ρΓ{σ2z , where σ2z is the variance of znptq @n, t. These results were obtained for 5 users
and 32 antennas in the CB scenario, with a transmission of 106 BPSK symbols over 1000 channel
realizations. Performance of both TR and ETR is limited by IUI, which causes a lower bound
in the BER. We notice that ETR does not provide a significant improvement over conventional
TR in the case of multi-user massive MIMO systems. Thus, ETR does not offer any advantage
for such scenarios, given its greater computational complexity with respect to TR. In the case
of INTR, IUI is successfully mitigated and hence INTR outperforms the other techniques. We
also observe that channel correlation degrades system performance in all cases.
B. Number of Antennas and Number of Users
Fig. 8 shows the average BER performance results per user for varying number of antennas
and users. These results where obtained with the transmission of 106 BPSK symbols over 1000
spatially correlated channel realizations. We used a fixed pre-filter length Lp “ 90 and the
CB scenario PDP. Conventional TR performance results are consistent with the analysis made
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TABLE II
RECEIVED SIGNAL POWER COMPONENTS FOR M “ 64. VALUES ARE NORMALIZED {pρΓq.
Number of users N Technique
Lp “ L “ 60 Lp “ 90 Lp “ 120
Ps Pisi Piui Ps Pisi Piui Ps Pisi Piui
Uncorrelated channel
2
TR 32 0.15 0.51 - - - - - -
ETR - - - 31.9 0.01 0.52 31.9 0.001 0.52
INTR 31.7 0.15 0.09 31.6 0.16 0.01 31.6 0.15 0.002
10
TR 6.4 0.03 0.9 - - - - - -
ETR - - - 6.37 0.002 0.9 6.37 0.0003 0.9
INTR 5.77 0.04 0.17 5.58 0.04 0.02 5.55 0.04 0.004
Correlated channel
2
TR 31.4 0.6 0.88 - - - - - -
ETR - - - 30.3 0.02 0.88 30.3 0.003 0.88
INTR 30.8 0.61 0.15 30.6 0.6 0.02 30.6 0.6 0.003
10
TR 6.39 0.15 1.48 - - - - - -
ETR - - - 6.07 0.004 1.47 6.07 0.0005 1.47
INTR 5.32 0.14 0.25 5.06 0.14 0.04 5.02 0.14 0.006
in Section II-D. The desired signal power increases linearly with the number of antennas while
interference components remain constant. Thus, the minimum achievable BER per user improves
by increasing the number of antennas, providing diversity gain. On the other hand, increasing
the number of users with a fixed number of antennas decreases the desired signal power and
increases IUI. This is reflected in a higher BER for larger N . INTR outperforms conventional
TR in every simulated scenario. Nevertheless, the performance improvement provided by INTR
is more evident with a large number of users or a limited number of antennas.
C. Average Achievable Sum Rate
The achievable sum rate measures the downlink spectral efficiency in a multiple-access system.
Assuming that each user treats ISI and IUI as Gaussian interferences, and according to the model
defined in Sections II and III, the average achievable sum rate for a multi-user TR system is
R “ E
«
Nÿ
n“1
log
2
ˆ
1` Ps,n
Pisi,n ` Piui,n ` σ2z
˙ff
, (23)
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Fig. 7. Average BER per user comparison of TR, ETR, and INTR, under correlated and uncorrelated channels (across antenna
elements) with M “ 32, and N “ 5. Results are shown for different pilot lengths (Lp). It is observed that spatial correlation
increases ISI and IUI, degrading performance. Also, increasing prefilter’s length improves IUI mitigation in INTR.
where Ps,n, Pisi,n, and Piui,n are the desired signal power, ISI power, and IUI power, respectively,
calculated at user n for a given realization. For simplicity, it is also assumed that the channel is
used for downlink transmission all the time. A proper reduction factor can be used to account
for uplink time in a TDD system or channel estimation overheads. Numerical results for the
average achievable sum rate are shown in Fig. 9. These results were obtained in the LR scenario
with correlated channels and Lp “ 90. As seen, INTR offers a significant improvement over
conventional TR, doubling its rate in some cases and providing a remarkable multiplexing gain.
In addition, we simulated a more extreme case with N “ 30, and N “ 50 and 128 antennas,
with the purpose of further demonstrate the capabilities of TR to handle IUI. Results are shown
Fig. 9c. Even though the assumption of uncorrelated CIR between users is hardly met when
N is that large, results show that an outstanding efficiency of more than 170 bps/Hz can be
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Fig. 8. Avera BER per user for TR and INTR. (a) Different number of antennas M with Lp “ 90 and N “ 5. (b) Different
number of users N with Lp “ 90 and M “ 64. An important diversity gain is achieved even in spatially correlated channels.
The effect of IUI is mitigated by increasing the number of antennas.
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Fig. 9. Achievable rate of TR and INTR in the LR scenario. (a) M “ 32 antennas, (b) M “ 128 antennas, (c) M “ 128
antennas with an extreme number of users. The multiplexing gain increases with the number of antennas.
achieved with INTR. In all the simulated scenarios our proposed INTR technique outperforms
conventional TR, as it can better withstand an increase in user load.
VI. CONCLUSION
We have analyzed a baseband TR beamforming system for mm-wave multi-user massive
MIMO. We studied conventional TR and equalized TR and found that their performance is
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IUI limited. We also noticed that, when the number of antennas is large, the ratio between the
desired signal power and ISI or IUI power increases. Thus, we confirm the potential of TR as
a beamforming technology for massive MIMO. We also note that equalizing solutions such as
ETR are not necessary when the number of transmit antennas is large. After identifying IUI as
the main detection impairment for TR systems, we propose a modified technique called INTR.
This technique calculates the transmit pre-filters in the frequency domain that set the IUI to zero
and are closest to the original TR solution. We proposed a 60 GHz MIMO channel model, where
CIR taps are modeled with Nakagami distributed amplitudes. In addition, we use PDPs given by
the IEEE 802.11ad SISO NLoS model, and generate spatial correlation in the CIRs according to
a geometrical model. By means of numerical simulations, we verified that the proposed INTR
outperforms conventional TR with respect to average BER and achievable sum rate. In particular,
we note that INTR performance is extremely tolerant to increases in the number of users, and
provides both diversity and multiplexing gains simultaneously.
REFERENCES
[1] L. Lu, G. Li, A. Swindlehurst, A. Ashikhmin, and R. Zhang, “An Overview of Massive MIMO: Benefits and Challenges,”
IEEE J. Sel. Topics Signal Process., vol. 8, no. 5, pp. 742–758, Oct 2014.
[2] T. Marzetta, “Noncooperative Cellular Wireless with Unlimited Numbers of Base Station Antennas,” IEEE Trans. Wireless
Commun., vol. 9, no. 11, pp. 3590–3600, November 2010.
[3] E. Larsson, O. Edfors, F. Tufvesson, and T. Marzetta, “Massive MIMO for next generation wireless systems,” IEEE
Commun. Mag., vol. 52, no. 2, pp. 186–195, February 2014.
[4] F. Rusek, D. Persson, B. K. Lau, E. Larsson, T. Marzetta, O. Edfors, and F. Tufvesson, “Scaling Up MIMO: Opportunities
and Challenges with Very Large Arrays,” IEEE Signal Process. Mag., vol. 30, no. 1, pp. 40–60, Jan 2013.
[5] A. Adhikary, E. Al Safadi, M. Samimi, R. Wang, G. Caire, T. Rappaport, and A. Molisch, “Joint Spatial Division and
Multiplexing for mm-Wave Channels,” IEEE J. Sel. Areas Commun., vol. 32, no. 6, pp. 1239–1255, June 2014.
[6] A. Swindlehurst, E. Ayanoglu, P. Heydari, and F. Capolino, “Millimeter-wave massive MIMO: the next wireless revolution?”
IEEE Commun. Mag., vol. 52, no. 9, pp. 56–62, September 2014.
[7] F. Boccardi, R. Heath, A. Lozano, T. Marzetta, and P. Popovski, “Five disruptive technology directions for 5G,” IEEE
Commun. Mag., vol. 52, no. 2, pp. 74–80, February 2014.
[8] T. Rappaport, S. Sun, R. Mayzus, H. Zhao, Y. Azar, K. Wang, G. Wong, J. Schulz, M. Samimi, and F. Gutierrez, “Millimeter
Wave Mobile Communications for 5G Cellular: It Will Work!” IEEE Access, vol. 1, pp. 335–349, 2013.
[9] Wireless LAN Medium Access Control (MAC) and Physical Layer (PHY) Specifications Amendment 3: Enhancements for
Very High Throughput in the 60 GHz Band (adoption of IEEE Std 802.11ad-2012), ISO/IEC/IEEE Std. ISO/IEC/IEEE
8802-11:2012/Amd.3:2014(E), March 2014.
[10] C. A. Balanis, Antenna theory: analysis and design, 3rd ed. John Wiley & Sons, 2005.
24
[11] M. E. Yavuz and F. L. Teixeira, “Ultrawideband microwave remote sensing and imaging using time-reversal techniques:
A review,” Remote Sens., vol. 1, no. 3, pp. 466–495, 2009.
[12] C. Oestges, A. Kim, G. Papanicolaou, and A. Paulraj, “Characterization of space-time focusing in time-reversed random
fields,” IEEE Trans. Antennas Propag., vol. 53, no. 1, pp. 283–293, Jan 2005.
[13] H. El-Sallabi, P. Kyritsi, A. Paulraj, and G. Papanicolaou, “Experimental Investigation on Time Reversal Precoding for
Space Time Focusing in Wireless Communications,” IEEE Trans. Instr. Measur., vol. 59, no. 6, pp. 1537–1543, 2010.
[14] O. El Ayach, S. Rajagopal, S. Abu-Surra, Z. Pi, and R. Heath, “Spatially Sparse Precoding in Millimeter Wave MIMO
Systems,” IEEE Trans. Wireless Commun., vol. 13, no. 3, pp. 1499–1513, March 2014.
[15] A. Alkhateeb, O. El Ayach, G. Leus, and R. Heath, “Channel Estimation and Hybrid Precoding for Millimeter Wave
Cellular Systems,” IEEE J. Sel. Topics Signal Process., vol. 8, no. 5, pp. 831–846, Oct 2014.
[16] A. Alkhateeb, G. Leus, and R. Heath, “Limited Feedback Hybrid Precoding for Multi-User Millimeter Wave Systems,”
arXiv, vol. abs/1409.5162, 2014. [Online]. Available: http://arxiv.org/abs/1409.5162
[17] H. Yang and T. Marzetta, “Performance of Conjugate and Zero-Forcing Beamforming in Large-Scale Antenna Systems,”
IEEE J. Sel. Areas Commun., vol. 31, no. 2, pp. 172–179, February 2013.
[18] A. Ghosh, T. Thomas, M. Cudak, R. Ratasuk, P. Moorut, F. Vook, T. Rappaport, G. MacCartney, S. Sun, and S. Nie,
“Millimeter-Wave Enhanced Local Area Systems: A High-Data-Rate Approach for Future Wireless Networks,” IEEE J.
Sel. Areas Commun., vol. 32, no. 6, pp. 1152–1163, June 2014.
[19] M. R. Akdeniz, Y. Liu, S. Sun, S. Rangan, T. S. Rappaport, and E. Erkip, “Millimeter Wave Channel Modeling and
Cellular Capacity Evaluation,” arXiv, vol. abs/1312.4921, 2013. [Online]. Available: http://arxiv.org/abs/1312.4921
[20] C. Gustafson, K. Haneda, S. Wyne, and F. Tufvesson, “On mm-Wave Multipath Clustering and Channel Modeling,” IEEE
Trans. Antennas Propag., vol. 62, no. 3, pp. 1445–1455, March 2014.
[21] A. Maltsev, et al., “Channel Models for 60 GHz WLAN Systems, doc.: IEEE 802.11-09/0334r8,” IEEE 802.11 document
09/0334r8, 2010.
[22] A. Pollok, “Multi-Antenna Techniques for Millimetre-Wave Radios,” Ph.D. dissertation, University of South Australia,
2010.
[23] S. Sun, T. Rappaport, R. Heath, A. Nix, and S. Rangan, “MIMO for millimeter-wave wireless communications:
beamforming, spatial multiplexing, or both?” IEEE Commun. Mag., vol. 52, no. 12, pp. 110–121, December 2014.
[24] A. E. Fouda, F. L. Teixeira, and M. E. Yavuz, “Time-reversal techniques for MISO and MIMO wireless communication
systems,” Radio Sci., vol. 47, no. 5, 2012.
[25] M. Emami, M. Vu, J. Hansen, A. Paulraj, and G. Papanicolaou, “Matched filtering with rate back-off for low complexity
communications in very large delay spread channels,” in Asilomar Conf. on Signals, Sys. Comp., vol. 1, Nov 2004, pp.
218–222.
[26] H. T. Nguyen, J. Andersen, G. Pedersen, P. Kyritsi, and P. C. F. Eggers, “Time reversal in wireless communications: a
measurement-based investigation,” IEEE Trans. Wireless Commun., vol. 5, no. 8, pp. 2242–2252, Aug 2006.
[27] Y. Chen, Y.-H. Yang, F. Han, and K. Liu, “Time-Reversal Wideband Communications,” IEEE Signal Process. Lett., vol. 20,
no. 12, pp. 1219–1222, Dec 2013.
[28] B. Wang, Y. Wu, F. Han, Y.-H. Yang, and K. Liu, “Green Wireless Communications: A Time-Reversal Paradigm,” IEEE
J. Sel. Areas Comm., vol. 29, no. 8, pp. 1698–1710, 2011.
[29] C. A. Viteri-Mera and F. L. Teixeira, “Equalized Time Reversal Beamforming for Indoor Wireless Communications,”
arXiv, vol. abs/1411.6897, 2014. [Online]. Available: http://arxiv.org/abs/1411.6897
25
[30] P. Kyritsi, P. Stoica, G. Papanicolaou, P. Eggers, and A. Oprea, “Time Reversal and Zero-Forcing Equalization for Fixed
Wireless Access Channels,” in Asilomar Conf. on Signals, Sys. Comp., October 2005, pp. 1297–1301.
[31] T. Strohmer, M. Emami, J. Hansen, G. Papanicolaou, and A. Paulraj, “Application of time-reversal with MMSE equalizer
to UWB communications,” in IEEE GLOBECOM ’04., vol. 5, Nov 2004, pp. 3123–3127.
[32] H. Nguyen, Z. Zhao, F. Zheng, and T. Kaiser, “Preequalizer Design for Spatial Multiplexing SIMO-UWB TR Systems,”
IEEE Trans. Veh. Technol., vol. 59, no. 8, pp. 3798–3805, Oct 2010.
[33] H. T. Nguyen, J. Andersen, and G. Pedersen, “The potential use of time reversal techniques in multiple element antenna
systems,” IEEE Commun. Lett., vol. 9, no. 1, pp. 40–42, Jan 2005.
[34] H. T. Nguyen, I. Kovacs, and P. C. F. Eggers, “A Time Reversal Transmission Approach for Multiuser UWB
Communications,” IEEE Trans. Antennas Propag., vol. 54, no. 11, pp. 3216–3224, Nov 2006.
[35] F. Han, Y.-H. Yang, B. Wang, Y. Wu, and K. Liu, “Time-reversal division multiple access over multi-path channels,” IEEE
Trans. Commun., vol. 60, no. 7, pp. 1953–1965, July 2012.
[36] M. H. Hayes, Statistical digital signal processing and modeling. John Wiley & Sons, 1996.
[37] U. Dersch and R. Ruegg, “Simulations of the time and frequency selective outdoor mobile radio channel,” IEEE Trans.
Veh. Technol., vol. 42, no. 3, pp. 338–344, Aug 1993.
[38] A. Goldsmith, Wireless Communications. Cambridge University Press, 2005.
[39] S. Ranvier, S. Dudorov, M. Kyro, C. Luxey, C. Icheln, R. Staraj, and P. Vainikainen, “Low-Cost Planar Omnidirectional
Antenna for mm-Wave Applications,” IEEE Antennas Wireless Propag. Lett., vol. 7, pp. 521–523, 2008.
[40] J. Proakis and M. Salehi, Digital Communications. McGraw-Hill, 2008.

